The International Agency for Research on Cancer has recently reclassified diesel engine exhaust (DEE) as a Group 1 carcinogen. Micronucleus (MN), nucleoplasmic bridge (NPB), and nuclear bud (NBUD) frequencies in peripheral blood lymphocytes (PBLs) are associated with cancer risk. However, the impact of DEE exposure on MN frequency has not been thoroughly elucidated due to mixed exposure and its impact on NPB and NBUD frequencies has never been explored in humans. We recruited 117 diesel engine testing workers with exclusive exposure to DEE and 112 non-DEE-exposed workers, and then we measured urinary levels of 4 mono-hydroxylated polycyclic aromatic hydrocarbons (OH-PAHs) using highperformance liquid chromatography-mass spectrometry as well as MN, NPB, and NBUD frequencies in PBLs using cytokinesis-block MN assay. The DEE-exposed workers exhibited significantly higher MN, NPB, and NBUD frequencies than the non-DEE-exposed workers (P < 0.05). Among all study subjects, increasing levels of all 4 urinary OH-PAHs, on both quartile and continuous scales, were associated with increased MN, NPB, and NBUD frequencies (all P < 0.05). When the associations were analyzed separately in DEE-exposed and non-DEE-exposed workers, we found that the association between increasing quartiles of urinary 9-hydroxyphenanthrene (9-OHPh) and MN frequencies persisted in DEE-exposed workers (P ¼ 0.001). The percent of MN frequencies increased, on average, by 23.99% (95% confidential interval, 9.64-39.93) per 1-unit increase in ln-transformed 9-OHPh. Our results clearly show that exposure to DEE can induce increases in MN, NPB, and NBUD frequencies in PBLs and suggest that DEE exposure level is associated with MN frequencies.
Increased morbidity and mortality have been attributed to particulate matter (PM) (Ostro et al., 2006; Schwartz, 2004) , especially fine PM (aerodynamic equivalent diameter [AED] 2.5 lm), which has been suggested to have more health impacts than coarse PM (AED in the range of 2.5-10 lm) (Puett et al., 2009) . Diesel engine exhaust (DEE) is one of the major sources of fine PM and can be suspended in the air where they are easily inhaled. For the general population, exposure to DEE mostly occurs when people commute to work. On the other hand, occupational populations involved in mining (Coble et al., 2010) , tunnel construction (Lewne et al., 2007) , and so on are exposed to higher levels of DEE. The chemical composition of DEE, mainly consisting of organic and inorganic gases, and elemental carbon (EC) adsorbed with organic constituents such as polycyclic aromatic hydrocarbons (PAHs) (Wichmann, 2007) , is directly related to DEE-induced adverse health effects. Epidemiological studies have linked DEE exposure to pulmonary inflammation (Salvi et al., 1999) , increased susceptibility to respiratory infection (Castranova et al., 2001) , and exacerbation of asthma (Nordenhall et al., 2001) . More importantly, DEE, initially classified as a Group 2A carcinogen (probable carcinogenic to humans) by the International Agency for Research on Cancer (IARC) in 1989 (IARC, 1989) , was recently reclassified as a Group 1 carcinogen (carcinogenic to humans) (Benbrahim-Tallaa et al., 2012) . Given the improved recognition of the carcinogenicity of DEE and the large scale of DEE-exposed population worldwide, concerns regarding the early cancer risk related to DEE exposure are increasing.
An early key event in carcinogenesis is the induction of genomic instability, which facilitates the progression from initiated cell to cancer cell through the attainment of greater proliferative capacity (Fenech, 2002) . The cytokinesis-block micronucleus (CBMN) assay is one of the most commonly used methods to evaluate the extent of genomic instability and has multiple endpoints. Micronucleus (MN) frequency in peripheral blood lymphocytes (PBLs) results from chromosomal fragment or whole chromosome loss (Fenech et al., 1999) and has been shown in a cohort study to be predictive of cancer risk in humans (Bonassi et al., 2007) . For DEE exposure, although both in vitro (Odagiri et al., 1994) and in vivo (Song and Ye, 1995) studies have shown that the particle extract of DEE can induce an increase in the MN frequency, the evidence from populationbased studies is very limited and not yet conclusive. The main criticism has been that most of the existing epidemiological studies have been limited to workers with mixed exposure (ie, exposed to air pollutants from other sources or to concurrent toxic substances in addition to DEE) (Diesel Epidemiology Working Group, 2002) , thereby obscuring the exclusive impact of DEE exposure on MN frequencies. As for the controlled chamber studies with exposure restricted to pure DEE, it is unlikely to observe the impact of DEE exposure on MN frequencies since this impact will not take place in acute 2-3 h exposure period but rather a long-term exposure. Therefore, whether DEE exposure can induce an increase in the MN frequency or not still needs to be elucidated more thoroughly in the research setting by avoiding these limitations. Aside from MN, the CBMN assay can also be used to measure the nucleoplasmic bridge (NPB) and nuclear bud (NBUD), which represent chromosomal rearrangement and gene amplification, respectively (Fenech, 2006) . It is notable that increased NPB and NBUD frequencies have been shown to be associated with increased lung cancer risk in a case-control study (El-Zein et al., 2006) . However, the impact of DEE exposure on NPB and NBUD frequencies has never been evaluated in humans.
In the present study, we recruited 117 diesel engine testing workers with long term and exclusive exposure to DEE and 112 non-DEE-exposed workers. We determined the airborne concentrations of PM 2.5 , EC, and PAHs at different workplaces to characterize DEE exposure and measured MN, NPB, and NBUD frequencies in PBLs to investigate the impact of DEE exposure on genomic instability. We also employed urinary monohydroxylated PAHs (OH-PAHs), including 2-hydroxynaphthalene (2-OHNa), 2-hydroxyfluorene (2-OHFlu), 9-hydroxyphenanthrene (9-OHPh), and 1-hydroxypyrene (1-OHP) as a proxy for DEE exposure, and further evaluated the associations of urinary OH-PAHs levels with MN, NPB, and NBUD frequencies. Our study extends available evidences linking DEE exposure and lung cancer by showing increased MN, NPB, and NBUD frequencies in healthy individuals with exclusive exposure to DEE.
MATERIALS AND METHODS
Study population and sample collection. A total of 117 male workers who had tested heavy-duty diesel engines for at least 1 year in a diesel engine manufacturing plant located in Henan, China, were included in this study. The engine testing workshop was semi-enclosed (open at the top) and after assembly diesel engines were fitted without any after-treatment system. In most cases, the workers kept the engines running while they tested and tuned them. The DEE was released to the outside by general ventilation. The 112 male non-DEE-exposed workers were water pump management workers from a water factory in the same city. No occupational exposure source was found in the workplaces based on detailed walk-through surveys. We excluded workers with chronic diseases, acute infection, or those who had been exposed to x-ray in the preceding 3 months. All subjects gave written informed consent and were interviewed by an occupational physician using a structuredquestionnaire that included demographic characteristics, smoking history, alcohol consumption, and personal medical history. Individuals who had smoked more than 100 cigarettes in their lifetime were considered as smokers. Among the smokers, individuals who still smoked at the time of interview were defined as current smokers, otherwise they were considered as former smokers.
A total of 50 ml urine was collected from each subject at the end of shift after at least 4 consecutive working days. Meanwhile, 4 ml venous blood was drawn and placed in heparin tubes (10 ml). The protocol was approved by the Research Ethics Committee of the National Institute for Occupational Health and Poison Control, Chinese Center for Disease Control and Prevention.
Airborne PM 2.5 , EC, and PAHs monitoring. Airborne samples were collected with Teflon filters (90 mm diameter, Millipore). The area monitoring was done on 2 consecutive work days, for 8 h on each work day. In total, there were 6 and 12 measurements for water factory and diesel engine manufacturing plant, respectively. The flow rate was calibrated prior to sampling. The concentrations of PM 2.5 were analyzed gravimetrically using a micro-balance (0.00001 precision). All filters were weighed preand post-sampling in a temperature-and humidity-controlled weighing room. EC in collected PMs was determined by thermal optical analysis according to National Institute for Occupational Safety and Health (NIOSH) method 5040 (NIOSH, 1999) . A total of 16 PAHs from collected PMs were measured using highperformance liquid chromatography (HPLC) with fluorescence detectors based on the Occupational Safety and Health Administration method 58 (OSHA, 1986) .
Determination of urinary OH-PAHs. The determination of 4 urinary OH-PAHs (2-OHNa, 2-OHFlu, 9-OHPh, and 1-OHP) was carried out using an HPLC-MS/MS method as described previously (Huang et al., 2010) . The standards (!98%) were purchased from Chem Service (2-OHNa) (West Chest) and Sigma-Aldrich (2-OHFlu, 9-OHPh, and 1-OHP) (St Louis). The dichloromethane (99.8%) and methanol (99.9%) were obtained from Dikma (Lake Forest). The internal standard (Deuterated 1-OHNa, isotopic purity 97 atom % D) was purchased from Sigma-Aldrich (St Louis).
Two milliliters of urine were transferred into a glass vial and buffered with 1 ml of sodium acetate buffer (0.5 M, pH 5). After adding 20 ll of b-glucuronidase, the mixture was incubated on a shaker at 37 C for 8 h for hydrolysis. Deuterated 1-OHNa (100 lg/ l, 80 ll) was added into the urine samples, and the urine samples were adjusted to approximately pH 5 with sodium acetate buffer (0.5 M, pH 5). Then the urine samples were extracted with 4 ml dichloromethane, followed by vortexing for 6 min and centrifuging at 2000 Â g for 10 min. Three milliliters of organic solvent from the bottom layer were drawn and evaporated to dryness under a gentle stream of nitrogen at 45 C. The residue was reconstituted in 1.5 milliliters methanol (50%) and vortexed for 5 min. Subsequently, 10 ll of the final solution was injected into the ultra fast liquid chromatography system (LC-20AD, Shimadzu, Kyoto, Japan) coupled with an integrated triple quadrupole mass spectrometer (ABI3200, Applied Biosystems, Foster City). A C18 column (5 lm, 2.1 Â 150 mm, Waters, Milford) at room temperature was used for analyte separation. Methanol and water were used as the mobile phase at a flow rate of 300 ll/min and with a gradient of methanol from 40% to 95% over 12 min. Then the column was re-equilibrated using 40% methanol for 5 min. Analyst (version 1.5, Applied Biosystems) was applied to acquire and process the data. In addition, creatinine, which was used to adjust urinary OH-PAHs concentrations, was determined by Jaffe's colorimetric method. Samples with creatinine concentrations more than 3.0 or less than 0.3 g/l were excluded, as they were considered too concentrated or too diluted to provide valid results according to NIOSH (Teass et al., 1998) . The limits of detection (LOD) for the 4 urinary OH-PAHs ranged from 0.1 to 0.5 lg/l. Measurements below LOD were replaced with LOD/H2. The intraday variations ranged from 1.0% to 4.2%, and the interday variations ranged from 1.8% to 5.8%. The recoveries were in the range of 89.7%-103.0%.
CBMN assay. The CBMN assay was conducted according to the standardized protocol developed by Fenech (2007) . Briefly, 0.4 ml heparin-anticoagulated whole blood was added to 4.5 ml RPMI-1640 medium supplemented with 100 unit/ml penicillin, 100 lg/ml streptomycin, 10% fetal bovine serum, 2 mmol/l L-glutamine, and 1% PHA. At 44 h after initiation, cytochalasin B at 6 lg/ml was added to block cytokinesis. After 72 h of incubation, the cells were fixed with methanol/acetic acid (3:1), dropped onto clean microscopic slides, air-dried, and stained with 10% Giemsa. A total of 2000 binucleated cells with well-preserved cytoplasm were examined per sample in a blind fashion to determine MN, NPB, and NBUD frequencies following the scoring criteria outlined by the HUMN Project (Fenech et al., 2003) . For quality control, 10% of the slides were selected randomly and blindly rescored. A good degree of agreement was shown between the second and the original scores by the Cohen's kappa test (P < 0.001).
Statistical analysis. Natural logarithmic (ln) transformation was applied to urinary OH-PAHs to satisfy the normal distribution. The difference of demographic characteristics between DEEexposed and non-DEE-exposed workers was evaluated by Student's t test for continuous variables, such as age and body mass index (BMI), and by Chi-square test for categorical variables, such as smoking and alcohol use. Exposure levels of PM 2.5 , EC, and PAHs in the DEE-exposed workers were compared with those in the non-DEE-exposed workers by Mann-Whitney test. Urinary OH-PAHs concentrations and MN, NPB, and NBUD frequencies in PBLs were compared between DEE-exposed and non-DEE-exposed workers, as well as between current and noncurrent smokers in DEE-exposed workers and in non-DEEexposed workers by Student's t test and Mann-Whitney test, respectively. In all study subjects, DEE-exposed workers, and non-DEE-exposed workers, respectively, MN, NPB, and NBUD frequencies across quartile groups of each urinary OH-PAH were compared by the Kruskal-Wallis test, and the associations of urinary OH-PAHs levels with MN, NPB, and NUBD frequencies were further examined using the Poisson regression models with adjustment for age, smoking status, and alcohol use.
In addition, we conducted 2 sensitivity analyses to verify the robustness of the regression results to confounding effect of smoking status by restricting analyses to non-current smokers, and to potential impact of overdispersion by using negative binominal regression model. All analyses were performed using SPSS software (SPSS 15.0, Chicago) and all statistical tests were 2-sided with a significance level of 0.05.
RESULTS

General Characteristics and Exposure Levels
As shown in Table 1 , the DEE-exposed and non-DEE-exposed workers did not differ significantly in terms of age, BMI, smoking status, and alcohol use. The DEE-exposed workers had a mean exposure history of 8.1 years. The PM 2.5 level in DEEexposed workers was significantly higher than in non-DEE-exposed workers (P < 0.001). Likewise, both EC and PAHs (total and 16 individual PAH) levels in the DEE-exposed workers were significantly higher than those in the non-DEE-exposed workers. The corresponding exposure levels of 16 individual PAH are listed in Supplementary Table 1 .
DEE Exposure and Increases in Urinary OH-PAHs Concentrations and MN, NPB, and NBUD Frequencies in PBLs
The urinary creatinine concentrations in all samples were within the acceptable range as proposed by NIOSH (data not shown). For both DEE-exposed and non-DEE-exposed workers, 2-OHNa was the most abundant, followed by 1-OHP, 2-OHFlu, and 9-OHPh ( Table 2 ). The urinary concentrations of 2-OHNa, 2-OHFlu, 9-OHPh, and 1-OHP were all significantly higher in the DEE-exposed workers than in the non-DEE-exposed workers (all P < 0.001). When further stratified by smoking status, the urinary concentration of 2-OHNa was significantly higher in smokers than in non-current smokers among both DEE-exposed and non-DEE-exposed workers ( Supplementary Fig. 1A ). The urinary concentrations of 2-OHFlu, 9-OHPh, and 1-OHP were significantly higher in smokers than non-current smokers among non-DEE-exposed workers.
Compared with non-DEE-exposed workers, DEE-exposed workers exhibited 2-, 7.8-, and 4.3-fold increases in the means of the MN, NPB, and NBUD frequencies (7.04% vs 3.54%, 1.71% vs 0.22%, and 5.11% vs 1.18%, respectively, all P < 0.001) ( Table  2) . We also calculated the CBMN cytome index by integrating MN, NPB, and NBUD frequencies and found that the DEEexposed workers showed 2.8-fold increase in the mean of CBMN cytome index compared with non-DEE-exposed workers (13.86% vs 4.94%). When further stratified by smoking status, MN, NPB, and NBUD frequencies did not differ significantly between smokers and non-current smokers among both DEEexposed and non-DEE-exposed workers ( Supplementary Fig.  1B ). The MN, NPB, and NBUD frequencies stratified by age, working years, and alcohol use in both DEE-exposed and non-DEE-exposed workers are shown in Supplementary Table 2. In DEE-exposed workers, subjects with age more than 33 years had significantly higher MN frequencies than those with age less than or equal to 33 years (P ¼ 0.04). There was no significant difference in terms of MN, NPB, and NUBD frequencies when stratified by working years and alcohol use.
Associations of Urinary OH-PAHs Levels with MN, NPB, and NBUD Frequencies in PBLs
In all study subjects, we found that increasing quartiles of all the 4 urinary OH-PAHs were associated with increased MN, NPB, and NBUD frequencies (all P < 0.05) ( Table 3) . The above associations were further supported by the results of Poisson regression (Table 4) When analyzed separately in DEE-exposed and non-DEE-exposed workers, the associations of increasing quartiles of urinary OH-PAHs with MN, NPB, and NBUD frequencies generally became insignificant except for that between 9-OHPh and MN frequencies in DEE-exposed workers (Table 3 ). The result of Poisson regression further demonstrated that the percent of MN frequencies increased, on average, by 23.99% (95% CI, 9.64-39.93) per 1-unit increase in ln-transformed 9-OHPh after adjusting for the same covariates (Table 4 ).
In the sensitivity analyses, we found that the significant results in Table 4 showed no changes in statistical significance when confined to non-current smokers (Table 5 ). We also observed no significant changes in the results after negative binomial regression models were applied (Supplementary Table 3 ).
DISCUSSION
Recently, IARC reclassified DEE as a Group 1 carcinogen mainly based on its association with lung cancer in epidemiological studies (Attfield et al., 2012; Garshick et al., 2012; Silverman et al., 2012) . Given the prevalence of diesel-powered engines in both occupational and environmental settings and a large number of DEE-exposed workers and urban residents, the public health burden due to DEE exposure could be substantial. Therefore, it is of great importance to assess the early cancer risk related to DEE exposure. A crucial early event in carcinogenesis is the induction of genomic instability (Fenech, 2002) . MN, NPB, and NBUD are established biomarkers of genomic instability, and their frequencies have been shown to be associated with cancer risk, whereas the impact of DEE exposure on these biomarkers is not clear. On the one hand, whether DEE exposure can induce an increase in MN frequency has not been unequivocally shown so far. For instance, increased MN frequencies have been reported in traffic policemen (Zhao et al., 1998) and gas-station attendants (Hallare et al., 2009) . Nevertheless, these subjects were also exposed to air pollutants from other sources such as gasoline exhaust in addition to DEE. Schoket et al. (1999) and Villarini et al. (2008) , respectively, found significantly higher MN frequencies in garage mechanics and tunnel construction workers who were exposed to higher levels of DEE. Although the exposure of these workers were not as mixed as those exposed to outdoor air pollutants, there were still some potential concurrent occupational exposure, for example, asbestos and blasting fumes. In this study, the DEE-exposed workers performed their duties in an indoor setting and there were no other major exposure sources except the diesel engines, minimizing the possibility that increased MN frequencies were induced by other air pollutants and/or concurrent occupational exposure. Among these workers with well-characterized exposure to DEE as reflected in Tables 1 and 2 , we found that they had significantly higher MN frequencies than non-DEE-exposed workers, thus providing clear evidence of the impact of DEE exposure on MN frequencies. On the other hand, to our knowledge, the impact of DEE exposure on NPB and NBUD frequencies has never been reported in previous studies. Therefore, our finding that DEEexposed workers had significantly higher NPB and NBUD frequencies represented the first report of a potential impact of DEE exposure on NPB and NBUD frequencies in humans. This finding is in line with our previous finding that PAHs exposure was associated with increased NPB and NBUD frequencies (Duan et al., 2009) , as PAH is one of the most abundant organic components in DEE. In addition, to evaluate the impact of DEE exposure on genomic instability more comprehensively, we also calculated the CBMN cytome index by integrating MN, NPB, and NBUD frequencies, and our data showed that the CBMN cytome index was also significantly higher in DEE-exposed workers. Taken together, our results indicated that the DEEexposed workers manifested increased genomic instability compared with non-DEE-exposed workers. Organic components in the particle phase of DEE have the potential to serve as chemical markers of exposure. In order to further explore the association between DEE exposure level and MN frequencies, it is valuable to monitor the metabolites of the organic components in human fluids. As mentioned above, PAH may be the suitable organic component and the methods used to detect the main metabolites of PAHs, urinary OH-PAHs, have been well developed. However, there exist 2 concerns when using urinary OH-PAHs to represent DEE exposure. First, due to mixed exposure as described above, urinary OH-PAHs may also partially originate from other sources such as gasoline exhaust and industrial combustion emission. Second, for many outdoor workers exposed to DEE, potential bias may be introduced by using urinary OH-PAHs as exposure biomarker, because ambient concentration of DEE is subject to fluctuation and urinary OH-PAH reflects only recent exposure. In our study, the workers performed their duties in the indoor setting and their exposure levels to DEE were relatively stable; therefore, we assumed that it was suitable to use urinary OH-PAHs as a proxy for DEE exposure to investigate its association with MN, NPB, and NBUD frequencies. As the most commonly used 1-OHP might not represent other OH-PAHs originating from different parent compounds, we simultaneously determined 2-OHNa, 2-OHFlu, 9-OHPh, and 1-OHP to reflect DEE exposure more comprehensively.
Significant associations between MN, NPB, and NBUD frequencies and the 4 OH-PAHs levels were observed among all the study subjects. However, when the associations were analyzed separately in DEE-exposed and non-DEE-exposed workers, we found that none of the OH-PAHs levels were associated with NPB and NBUD frequencies any more, whereas 9-OHPh was consistently associated with MN frequencies in DEE-exposed workers. This finding suggests that the significant associations of urinary OH-PAHs with NPB and NBUD frequencies among all the study subjects might result from the presence of consistently lower OH-PAH levels and NPB and NBUD frequencies in non-DEE-exposed workers than in DEE-exposed workers. As for the significant association of urinary OH-PAH with MN frequencies rather than with NPB and NBUD frequencies in DEEexposed workers, one possible explanation is that the ranges of NPB and NBUD were not as wide as MN. An alternative is that NPB and NBUD were not as responsive as MN to a narrower exposure range. The significant association of 9-OHPh with MN frequencies, observed in DEE-exposed workers but not in non-DEE-exposed workers, not only provided further evidence suggestive of the association between DEE exposure level and MN frequencies but also suggested that 9-OHPh might be used as the biomarker for reflecting DEE-induced MN formation. The reason why 9-OHPh rather than conventional 1-OHP or other OH-PAHs was associated with MN frequencies is not clear. In view of higher levels of both 9-OHPh and 1-OHP in DEE-exposed workers, we speculated that 9-OHPh might be correlated with levels of DEE exposure or the causal component of MN formation more closely than 1-OHP, although further experimental evidence was needed to support this hypothesis.
Although there is sufficient evidence supporting the hypothesis that DEE exposure is a cause of lung cancer, the dose-response pattern has not been fully elucidated. Urinary OH-PAHs, as mentioned above, are the metabolites of PAHs, which are the main carcinogenic components in DEE, and their concentrations represent the daily exposure level of DEE. Increased MN formation is associated with early events in carcinogenesis and is predictive of higher cancer risk (Bonassi et al., 2007) . Moreover, our results show that urinary OH-PAH level was positively associated with MN frequencies in DEE-exposed workers but not in non-DEE-exposed workers. Hence, the pattern of association between urinary OH-PAH and MN frequency observed in DEE-exposed workers might be expected to mirror the dose-response pattern between DEE exposure levels and lung cancer risk. We found that the mean values of MN frequencies in Q2 and Q3 groups were similar and showed a slight but insignificant increase compared with that in the Q1 group, whereas the mean value of the MN frequencies in the Q4 group showed a steep increase and was significantly higher than in the Q1 group (P < 0.05). These data might suggest a slight but insignificant increase in cancer risk at low to moderate DEE exposure levels and a steep and significant increase in cancer risk at a high DEE exposure level. We further evaluated the similarity of the patterns between our study and those case-control and cohort studies. Olsson et al. (2011) reported a significantly higher cancer risk only in the highest quartile DEE exposure category. Moreover, the shape of the dose-response curve based on 3 cohort studies (Vermeulen et al., 2014) , to some extent, paralleled with that observed in our study. Possible explanation for the mechanism of the observed pattern is that the workers' DNA repair capacity is roughly capable of counteracting DEEinduced DNA damage at low to moderate exposure levels, while it is compromised by overwhelming DNA damage at a high exposure level. Notably, although we explore the dose-response pattern from a different perspective, the evidence in our study is only suggestive and longitudinal studies with a larger sample size are warranted to better determine the dose-response pattern.
Smoking status is a common confounder in micronuclei studies (Nefic and Handzic, 2013) . To control for the potential confounding effect of smoking on the associations of urinary OH-PAHs with MN frequencies, we adjusted for smoking status in the Poisson regression analyses. Besides, we also conducted a sensitivity analysis in subjects restricted to non-current smokers. Moreover, for the association between 9-OHPh and MN frequencies observed in DEE-exposed workers that was most likely to reflect the association between DEE exposure level and MN frequencies, we found comparable magnitudes of associations between non-current smokers and smokers (20.56% vs 22.14%), as well as in the Poisson regression analyses with and without adjustment for smoking status (data not shown), suggesting an insignificant effect of smoking status on the estimation of the association of interest. Furthermore, to our surprise, we found a potential confounding effect of smoking on the association between 2-OHNa level and NPB frequencies in all study subjects (Table 5 ). This finding is not consistent with previous studies that report no significant effect of smoking on NPB frequencies (Duan et al., 2009; Minozzo et al., 2010) , and such a confounding effect of smoking needs further clarification.
Our study had the advantage of excluding the influence of other air pollutants and concurrent occupational exposure, thus increasing our ability to reveal the impact of DEE exposure on MN, NPB, and NBUD frequencies. Moreover, the sample size of our study provided us with sufficient power to conduct subset analyses. We also recognized that our study was subject to several limitations. First, concerns regarding the accuracy of the exposure estimate based on a single spot urine sample might be raised. However, we believe that the urinary metabolites could provide a reliable exposure estimate in the present study because workers with chronic repeated exposure might have a steady-state level of urinary metabolite and that the urine was sampled immediately after shift work. Nevertheless, studies with repeated urine metabolite measurements or using biomarkers reflecting chronic exposure (eg DNA adducts) were warranted. Second, we did not take nutritional factors such as folate and vitamin B12 intake into consideration. As it had been reported that nutritional factors had an effect on MN frequencies (Fenech and Rinaldi, 1994) , we could not exclude the possibility that MN frequencies were affected by nutritional factors. Third, although we detected a significant increase in MN, NPB, and NBUD frequencies in the PBLs of DEE-exposed workers, whether such increase also occurred in the target tissue (ie, lung) of workers was not yet clear. Considering that the mean age of DEE-exposed workers was only 31 years old and that inflammation played an important role in both inducing DNA strand breaks and driving lung function decline (Kidane et al., 2014; Scott et al., 2012) , we thought a lung function test could be appropriate to reflect relevant lung damage. As a result, we further explored the correlation between MN frequencies that were directly related to inflammation and lung function parameters and found that MN frequencies were correlated with 3 out of 4 lung function parameters (Supplementary Table 4 ). This led to the speculation that the genetic damage detected in the PBLs could reflect, to some extent, the corresponding damage in the lung.
In conclusion, our study clearly shows that exposure to DEE could induce increases in MN, NPB, and NBUD frequencies in PBLs and further suggests that DEE exposure level was positively associated with MN frequencies. Previous studies have shown that increased MN, NPB, and NBUD frequencies were associated with increased cancer risk; accordingly, our results suggest that the DEE-exposed workers are at higher cancer risk than non-DEE-exposed workers. Further large occupational cohort studies are required to replicate and extend our findings and to determine the contribution of individual component of DEE to the formation of MN, NPB, and NBUD.
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